GaAs is an attractive material for thin-film photovoltaic applications, but is not widely used for terrestrial power generation due to the high cost of metal-organic chemical vapor deposition (MOCVD) techniques typically used for growth. Close space vapor transport is an alternative that allows for rapid growth rates of III-V materials, and does not rely on the toxic and pyrophoric precursors used in MOCVD. We characterize CSVT films of GaAs using photoelectrochemical current-voltage and quantum efficiency measurements. Hole diffusion lengths which exceed 1.5 µm are extracted from internal quantum efficiency measurements using the Gärtner model. Device physics simulations suggest that solar cells based on these films could reach efficiencies exceeding 24%. To reach this goal, a more complete understanding of the electrical properties and characterization of defects will be necessary, including measurements on complete solid-state devices. Doping of films is achieved by using source material containing the desired impurity (e.g., Te or Zn). We discuss strategies for growing III-V materials on inexpensive substrates that are not lattice-matched to GaAs.
INTRODUCTION
With a near-ideal band-gap of E g = 1.42 eV, single-junction GaAs devices have produced the highest efficiency (28.8% for a single cell 1 ) of the thin-film photovoltaic (PV) materials. Additionally, multi-junction devices based on III-V materials have reached efficiencies as high as 44%. 1 However, GaAs has traditionally been grown using metal-organic chemical vapor deposition (MOCVD), which relies on toxic, pyrophoric and expensive gas-phase precursors. Polycrystalline materials such as CdTe and CIGS have moderate efficiencies (15-20% for laboratory cells) but can be manufactured at lower cost and therefore currently dominate the thin-film solar market.
In terms of material properties, there are several advantages of GaAs over these thin film materials. While both GaAs and CdTe have ideal direct band gaps (1.42 and 1.5 eV, respectively) the absorption coefficient of GaAs rises more sharply than does that of CdTe near the band edge and thinner active layers can thus be used (e.g. ∼1 µm vs. ∼5 µm). GaAs, and III-V's in general, have higher carrier mobilities (µ e ∼ 8000 cm 2 V −1 s −1 , µ h ∼ 400 cm 2 V −1 s −1 ) than the more ionic II-VI semiconductors such as CdTe (µ e ∼ 500 − 1000 cm 2 V −1 s −1 , µ h ∼ 50 − 80 cm 2 V −1 s −1 ). 2 Higher mobilities result in longer diffusion lengths (higher quantum efficiency and lower recombination) and lower series resistance of the base absorber. Favorable electrical and optical properties, combined with a higher earth-abundance for Ga and As compared to Te, 3 suggest that GaAs-based solar cells with efficiencies superior to CdTe might be produced with a similar cost.
Methods for lowering the costs of MOCVD-such as epitaxial lift off for substrate reuse-have attracted interest from industry, but it is uncertain if the costs can be lowered sufficiently to make it competitive for terrestrial non-concentrated power generation. Close space vapor transport (CSVT) provides a possible alternative as a scalable and low-cost method for the deposition of III-V materials. 4 To that end, we designed and built a laboratory-scale GaAs CSVT reactor that uses dilute water-vapor to transport the non-volatile Ga as GaO x .
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We found that the water vapor had no apparent deleterious affect on the electronic properties of the GaAs and demonstrated that n-GaAs grown at 0.5 µm min −1 has diffusion lengths (L D ) of ∼ 1.5 µm and good performance in a photoelectrochemical test configuration (η ∼ 10%). 
FILM DEPOSITION
The CSVT deposition technique 6 uses bulk GaAs as the only precursor which circumvents challenges associated with the handling of toxic and pyrophoric gas-phase starting materials used in MOCVD. Our CSVT reactor consists of a bulk GaAs source and a planar substrate sandwiched between graphite blocks and separated by a thin quartz spacer ( Figure 1 ).
5;7 The entire assembly is enclosed in a quartz tube. The source is heated in a reducing H 2 atmosphere containing a transport gas such as H 2 O, HCl, or I 2 . For simplicity, we use water vapor as the transport agent, which reacts to produce the volatile species:
The growth rate is determined by the temperature gradient between the source and substrate wafers, and by the concentration of water vapor in the reactor. Typical values for temperature gradient and water concentration are ∆T = 10 − 100
• C and [H 2 O]= 100 − 4000 ppm, respectively. Diffusion of the gas-phase reactants through the temperature gradient results in supersaturation at the cooler substrate surface, causing As 2 ,Ga 2 O, and H 2 to decompose into GaAs and H 2 O. The process is carried out at atmospheric pressure, which allows for growth rates up to 1 µm min −1 with ca. 95% yield. 6 The overall process is similar to the vapor-transport deposition (VTD) used commercially for CdTe thin-film photovoltaics.
2 CSVT or a related VTD process is therefore a possible cost-effective route to GaAs thin films.
The doping type and concentration in the deposited GaAs film is controlled by the dopant in the source wafer and the efficiency of transport through the vapor phase.
9 n-type dopants, such as Se and Te, transport with near-unity efficiency. P-type dopants, such as Zn, purportedly transport with lower efficiencies near 3%. The Zn transport efficiency should depend strongly on the concentration and type transport agent used, but this has not been previously studied.
PHOTOELECTROCHEMICAL SOLAR ABSORBER CHARACTERIZATION
Photoelectrochemical characterization (PEC) enables the rapid measurement of standard PV device parameters including short-circuit current densities, spectral response, open-circuit voltages, fill-factors, and conversion efficiencies, without fabricating solid-state p-n junctions, top contact grids, or addressing other device-related engineering issues for each individual sample. Samples are prepared for PEC by evaporating a AuGe eutectic back contact and annealing under H 2 /N 2 to drive in Ge for an ohmic tunnel junction. The back contact and edges of the sample are then covered in epoxy to ensure that only a well-defined area of the CSVT film is in electrical contact with the solution.
For n-type samples we measure the photoelectrochemical response in ferrocene/ferrocenium (a high-workfunction contact). Anhydrous acetonitrile with 1 M LiClO 4 is used as a supporting electrolyte.
5;10 Figure 2A shows PEC data collected for a series of n-GaAs samples grown in our CSVT reactor. the best samples had photovoltages >820 mV and photocurrents >17 mA cm −2 . The photocurrents are reduced by solution absorbance and reflectivity, but as shown in Figure 2D the internal quantum efficiency Φ int is high. The photovoltages are similar to those measured for MOCVD-grown GaAs photoelectrodes reported previously, but are lower than that which is possible in a solid-state design (V OC ∼ 1 V) due to the well-known Fermilevel pinning of the bare n-GaAs surface.
10 Fill factors approach ideal (∼ 0.84) after quantitative correction for solution related resistances ( Figure 2B ).
The external quantum efficiency Φ ext ( Figure 2C ) is corrected for reflectivity losses to obtain Φ int ( Figure  2D ), which is then fit to the Gärtner model for carrier collection:
in order to extract the diffusion length L D . W is the depletion layer width, measured by impedance analysis, α(λ) is obtained from tabulated data, and L D is the only adjustable parameter in the fit. The L D values for the best CSVT samples were ∼ 1.5 µm, significantly better than the best single-crystal GaAs control wafer (Wafertech UK, VGF) measured (L D ∼ 0.6 µm).
We also found that the water concentration [H 2 O] used during growth did not substantially affect L D or V OC up to [H 2 O] = 4000 ppm ( Figure 3A ). This indicates that either the incorporation of O-related defects are independent of [H 2 O] or that other defects besides O limit L D . Identification and elimination of these defects should allow for better material. Capacitance voltage Mott-Schottky measurements in the redox electrolyte are used to determine the carrier concentration. When a Si-doped n-GaAs source with N D ∼ 2 × 10 17 cm −3 was used, the resulting deposited films had N D ranging from 1 − 4 × 10 17 cm −3 . The fact that the doping level of the VT film was so similar to the source is likely coincidental, as Si is expected to transport with a low efficiency. This suggests that impurities present in the reactor are acting as the primary dopant in these films. 
DEVICE SIMULATIONS
We utilize device-physics simulations to determine the performance limits of proposed device architectures in terms of measurable materials properties. Preliminary simulations of GaAs pn junctions using PC1D 11 are shown in Figure 4 . The device architecture consists of a 5-µm-thick n-GaAs film with a carrier concentration of 10 17 cm −3 and a minority carrier lifetime of ∼ 3.2 ns such that the hole diffusion length is 1.5 µm, as measured experimentally. A back contact is made to the device via a diffused n + region, with a thickness of ∼ 1 µm as would be expected if grown on an n + -GaAs substrate, a Si substrate, or a thin evaporated Ge film on Mo foil. Simulations show that back diffusion depths from 0.1 to 3 µm give similar performance. The front contact is simulated with a p + diffused layer, because some cross diffusion will occur during the p + emitter deposition. The back surface ohmic contact is assumed to have a high surface recombination velocity (SRV) of 10 10 cm s passivation (e.g. NaS 2 yields SRV∼ 5000 cm s −1 ). 12;13 Wet chemical deposition of a ZnSe type I heterojunction window layer should further lower the SRV.
14 Front surface reflectivity and contact grid shading was ignored in the model for simplicity, but would lead to ∼5% optical losses.
The properties of this baseline cell were then permuted to determine the effects of important materials parameters, including the minority hole lifetime for the n-type base ( Figure 4A ), the front SRV ( Figure 4B ), the pn junction depth (the Figure 4C) , and the minority electron lifetime for a p-type base in an analogous n + p device ( Figure 4D ). The results show that with the measured GaAs properties, devices with n + p junctions can reach efficiencies > 24%. Improvements in materials quality (i.e. lifetime or L D ) would lead to further improvements. For lifetimes of a few ns, easily obtainable SRVs of up to 10 5 cms −1 are sufficient to not degrade performance. If bulk lifetimes are increased, smaller SRVs will be needed to realize large performance gains. Real efficiencies could be ∼10% lower than predicted by simulations due to a variety optical and series resistance losses, but η should exceed 20%.
We have grown several CSVT films on semi-insulating substrates for Hall effect measurements. These films have mobilities of approximately µ h = 240 cm 2 V −1 s −1 and µ n = 3500 cm 2 V −1 s −1 for holes in p-type material and electrons in n-type material, respectively. Given the measured diffusion length of 1.5 µm in n-type films, we estimate a lifetime of 3.6 ns for electrons. This corresponds very closely to the lifetime calculated using the GaAs mobility model distributed with PC1D.
RESULTS AND DISCUSSION
We have grown both n-and p-type epitaxial GaAs films using CSVT and found high minority carrier mobilities through hall effect measurements. Additionally, the n-type materials have hole diffusion lengths as good or better than commercially-grown wafers, as characterized by PEC measurements. In p-type materials, diffusion lengths have not yet been quantified, but the high measured electron mobilities in n-type films suggest that minority carrier diffusion lengths might be higher in p-type films. For that reason, n-type emitters may be more desirable. Simulations show that efficiency is not heavily dependent on the junction depth so the emitter may be very thin and low mobilities should be less important. It is also likely that the high doping level desirable for the emitter will be more easily achievable for n-type material since transport efficiencies for p-type dopants is known to be low.
InP, GaP, and GaAs 1-x P x films have also been grown by CSVT, though little is known about their electronic properties.
4 GaAs 1-x P x in particular is of interest because its band gap can be tuned for use as a window layer. It is important to note that the growth is limited by the transport of Ga to the substrate, as evidenced by the linear dependence of growth rate on water concentration ( Figure 5 ), which facilitates Ga transport. This suggests that growth is limited by transport of the group III material, and not group V materials. Thus GaAs 1-x P x might be grown to the desired composition by using a source powder that is a mixture of GaAs and GaP.
At present, devices are grown on commercial single-crystal GaAs substrates, although the ultimate goal is to grow a high-quality GaAs absorber layer on an inexpensive substrate such as Ge-coated Mo foil or Si. There are three main obstacles to the growth of GaAs or GaAsP on Si. First, GaAs has a thermal expansion coefficient nearly twice as large as Si which can lead to defect generation and film cracking upon cooling. Second, III-Vs are polar and Si is non-polar. The growth of GaAs on adjacent Si regions can be initiated with either Ga or As binding to the Si surface leading to anti-phase boundaries. Finally, GaAs and Si have a lattice mismatch of 4%, which creates dislocations that can propagate through the crystal. Traditional approaches require thick buffer layers grown via MOCVD or MBE to relieve the interfacial lattice strain and reduce threading dislocations through the III-V layer. 15 These layers are impractical for non-concentrated PV and ill-suited for the CVST growth method.
We aim to address the challenges of III-V deposition on Si using micro/nanopatterning and selective-area growth. The basic idea is shown in Figure 6 . Cracking due to thermal mismatch is prevented as the GaAs is no longer continuous. If a single nucleation event occurs at each opening, antiphase boundaries will not form. The small contact area also means that a lower strain energy must be relaxed which will reduce the number of dislocations. For example, GaAs nanowires smaller than the critical diameter of ∼50 nm can be grown without dislocations on Si. 16 Dislocations that might form can terminate at edges of mask openings as opposed to threading through the film. 
CONCLUSION
We have established baseline electrical properties for n-type CSVT films using PEC, and measurement of p-type material is underway. Open circuit voltages for n-type films measured by PEC are similar to those reported for MOCVD films 10 but may be limited by Fermi-level pinning at the liquid-semiconductor interface. Solid-state devices are therefore expected to have higher photovoltages.
Additional work is required to understand the effect of growth parameters on the electrical properties of the film. In particular, the measured diffusion lengths do not appear to depend strongly on the water concentration except at very large values above 4000 ppm.
